ABSTRACT Cocconeis diminuta, a marine benthic diatom, metabolizes acetate and lactate-'4C. In the light, the major product was lipid, whereas in the dark, C02 was the major product. Analysis of proteins synthesized in the presence of acetate or lactate showed that radioactivity was incorporated predominantly into the glutamate family of amino acids and those amino acids related directly to the substrate. Light and dark assimilation of substrate was inhibited slightly by 3-(3',4'-dichlorophenyl)-1,1-dimethylurea and 2 ,4-dinitrophenol. 3-(3',4'-Dichlorophenyl)-1, 1-dimethylurea caused a pattern of metabolism of acetate in the light characteristic of that which occurs in the dark. Monofluoroacetic acid inhibited assimilation considerably in the dark, but less in the light. The level of enzymes of the tricarboxylic acid cycle and NADH-oxidase were found to be about the same as those in other autotrophs. The metabolism of acetate and lactate is discussed in relation to the autotrophic mode of nutrition of Cocconeis diminuta.
The intermediary metabolism of marine diatoms is not well documented except for studies concerning their silicon metabolism (6) and their carbon dioxide fixation reactions (3) . Growth conditions for diatoms are, however, well known. Danforth (5) has discussed the nutritional diversity shown by diatoms. Diatoms have been cultured that are heterotrophic, mixotrophic, and obligately autotrophic (5) . Lewin (16) found evidence that this latter group could not couple the energy of acetate oxidation to biosynthesis. However, Danforth (5) suggests obligate phototrophy may have different causes in different organisms. The basis of obligate autotrophy in bacteria and blue-green algae has been the subject of much controversy over the last few years. The metabolism of acetate by freshwater green algae has also been well documented (30, 33) ; however, there are few reports of the intermediary metabolism of autotrophic diatoms in relation to their inability to grow in the dark as heterotrophs. A diatom isolated by Bunt, Cocconeis diminuta, assimilated acetate, lactate, and other compounds, but was incapable of heterotrophic growth (2) . This paper provides biochemical information on the heterotrophic capability of the diatom and attempts to explain why it cannot grow in the dark. ' 
MATERIALS AND METHODS
Growth of the Organism. The diatom used in this study, Cocconeis diminuta, was isolated by Bunt (2) and has been described by Taylor (31) . It was maintained in DC-C medium (2) on slopes, or in liquid medium in tubes illuminated with natural light. Stock cultures were checked for heterotrophic contaminants before each experiment by inoculating into nutrient broth (1% [w/v] in DC-C medium). Cells for experimental purposes were grown in DC-C medium in several ways. They were grown in a 2.5-cm layer of medium in a 2.8 liter Fernbach flask without aeration, in a 10-cm layer of medium aerated at 0.4 volume of air per volume of medium per min, and in a Vibromix fermenter aerated at 0.2 volume of air per volume medium per min (Chemapec Inc., Hoboken, N.J.). Cells grown in these different ways were indistinguishable in the experiments described here. The incubation temperature was 30 C and illumination was 500 ft-c from cool white fluorescent tubes. Cultures were harvested at 2000g for 10 min at 25 C for assimilation experiments, and at 0 C for enzymic preparations.
Preparation of Cell-free Extracts. Cells were washed with 10 to 50 mm phosphate buffer, pH 7.0 or 20 mm tris-HCl, pH 8.0 containing 1 mm Mg2`and then resuspended in the same buffer at a concentration of 5 X 108 cells/ml. They were broken by treatment at 12,000 lb/in2 in a French press (20) . The broken cell homogenate was centrifuged at 10,000g for 10 min, and the supernatant liquid was used for enzyme assays.
Determination of Labeled Products. A thin end window planchet counter was used for nonvolatile samples. Radioactive amino acids separated on paper chromatograms were detected by radioautography and the areas excised. They were counted for at least 2000 counts. Volatile samples were counted in a liquid scintillation counter using a solution containing toluene, 666 ml; Triton X-100, 334 ml; PPO, 4 g and POPOP, 0.3 g per liter.
Fractionation of Labeled Products. Labeled cells were fractionated by the method of Roberts et al. (25) . Two dimensional paper chromatography was performed on Whatman No. 3MM paper using 1-butanol-acetic acid-water (12:3:5, v/v) and 80% (w/v) aqueous phenol-ammonium hydroxide (199: 1, v/v). Thin-layer chromatography was performed on ce0lulose plates (Merck, A. G.-Brinkmann Instruments, N.Y.) using 1-butanol- Assimilation Experiments. Cells were suspended in DC-C medium, pH 7.6, usually at a concentration of approximately 5 X 10' cells/ml (about 100 [kg protein/ml). Of this suspension 1.8 ml was placed in the main compartment of a Warburg flask. Inhibitors were added to the cell suspension when necessary and 0.1 ml 10% (w/v) NaOH was added to the center well. The flasks were closed with serum caps and preincubated under the conditions of the experiment for 30 to 60 To measure the uptake of acetate-2"4C in the absence of CO2, air washed twice with 10% (w/v) NaOH was bubbled through saturated Ba(OH)2 solution and then through a cell suspension of C. diminuta. A control with unwashed air was run at the same aeration rate of 1 volume of gas per volume medium per min. After 1 hour of incubation to remove any bicarbonate that had not been removed from the cell suspending medium before the experiment, radioactive acetate was added. Samples removed at convenient times were pipetted into ice-cold 10 mM sodium acetate in 0.01% (v/v) Triton X-100 and treated as described above. Aseptic precautions were taken in all assimilation experiments. The absence of heterotrophic bacteria from the initial cultures was demonstrated by pipetting 1 ml into 5 ml of 1% (w/v) nutrient broth in DC-C medium and incubating for one week. When growth of bacteria occurred in the broth, the results of the experiment were discarded.
Enzyme Assays. The following enzymes were measured by the methods indicated: citrate synthase (29); isocitrate:NADP oxidoreductase (21); malate:NAD oxidoreductase (7); succinate: dichlorophenolindophenol (DCPIP)2 oxidoreductase (13); a-ketoglutarate: NAD oxidoreductase (24); orthophosphate: oxalacetate carboxylyase (P-enolpyruvate carboxylase) (1, 14) ; and P-enolpyruvate synthetase (4). Pyruvate:CO2 ligase was measured by a similar method to that used for P-enolpyruvate carboxylase, but P-enolpyruvate was replaced by pyruvate, and acetyl CoA by 1.5 mm ATP. Reduced pyridine nucleotide oxidase was measured by the method of Smith et al. (28) , but with a substrate concentration of 50 ytM instead of 66 btM. Spectro-'Abbreviations: DCPIP: 2. 6-dichlorophenol-indophenol; DNP:
photometric assays were performed at 30 C in a split beam spectrophotometer fitted with scale expansion so that changes in absorbance of 0.0005 per min could be measured. Anaerobic assays were made in Thunberg cuvets evacuated and flushed with prepurified nitrogen. All values of enzyme activities quoted are the means of at least two determinations. The activity measured was proportional to the protein concentration in the cuvets.
Protein Determination. Soluble protein was determined by the method of Lowry et al. (18) and referred to a standard of bovine plasma albumin. Protein in whole cells was determined in the same manner after digestion at 90 C for 20 min in 0.5 N NaOH.
Chemicals. Biochemicals were obtained from Sigma Chemical Company; acetate-2-11C, acetate-i-"4C, glucose-U-'C, and lactate-U-14C were obtained from Amersham-Searle, and NaH25CO2 from New England Nuclear Corporation. All other chemicals were reagent grade.
RESULTS
Conditions for the Assimilation of Acetate and Lactate. Cells in the logarthmic state of growth were used for these experiments. Table I shows that acetate and lactate, but not glucose, were assimilated and oxidized. The total substrate metabolized was similar in the light and dark. The uptake mechanism for acetate became saturated at 10 mm acetate (Fig. 1 ). Assimilation was linear with time ( Fig. 2 ) and was not dependent on an exogenous supply of assimilable nitrogen. DC-C medium without NaNO3 (0.5 g per 1) was used to wash and resuspend diatom cells for assimilation experiments. Incorporation of acetate into cell structure or its oxidation to CO2 was not significantly reduced in the absence of nitrate. The uptake of acetate was, however, inhibited in the absence of CO2 (Fig. 2) .
Fractionation of Labeled Cells. Cells labeled by the assimilation of acetate-2-'4C or L-lactate-U-'4C were fractionated by the method of Roberts et al. (25) . The designation of the identity of the various fractions was taken from the work of Roberts et al. (25) who studied Escherichia coli (Table II) . Darkness increased the fraction of the cell that was rapidly turning over. This would be expected as stimulation of respiration by darkness was demonstrated in this alga (Table I) . One other difference between light and dark incubated cells was that less lipid synthesis took place in the dark.
The protein residue referred to in Table II was hydrolyzed for 24 hr at 110 C in 6 N HCl and the products were examined by paper and thin-layer chromatography. Comparison of the Metabolism of 1-and 2-24C Acetate. Both 1-and 2-'4C-labeled acetate were assimilated into cell contents and oxidized to '4CO2; however, acetate-1-'4C gave rise to more '4CO2 in the dark than acetate-2-'5C (Fig. 3) . The opposite was true of the assimilation into cell structure in the (Table V) . Light respiration was increased to the normal dark level but dark respiration in the presence of DCMU was unaltered. Assimilation in the dark was only slightly affected by DCMU.
In cells permeable to DNP, assimilatory processes which are dependent on oxidative phosphorylation as a source of energy are likely to be inhibited by 50 [kM DNP (26) . However photophosphorylation is usually not affected by this concentration (17) . Respiration in the light was not increased by 50 bcM dinitrophenol but respiration in the dark was increased slightly. Assimilation in both light and dark was diminished. When cells were treated with both DCMU and dinitrophenol at the same time, assimilation was considerably reduced over the control level and also over the level of assimilation found in the individual presence of the inhibitors.
Enzyme Assays. The inability of C. diminuta to grow in the dark may be a result of a deficient carbon or energy metabolism. To investigate possible enzymic lesions, the enzymes shown in Table VI were assayed. Most of them were measured directly in crude extracts, but NADH-oxidase was assayed spectrophotometrically after dialysis against 20 mm phosphate buffer, pH 7.0, containing 1 mm Mg'+. a-Ketoglutarate dehydrogenase, an enzyme postulated to be redundant in an autotroph (28) , was present. P-enolpyruvate carboxylase was detected, but not pyruvate carboxylase or P-enolpyruvate synthetase.
Dialyzed cell extracts catalyzed the removal of NADH from the experimental cuvets as shown by the fall in extinction at 340 nm. This fall was dependent on the presence of oxygen so that we may refer to the activity as an NADH-oxidase. DISCUSSION C. diminuta metabolized acetate and lactate both in the light and dark although the organism is incapable of heterotrophic growth. Photoassimilation of acetate was not dependent on an assimilable nitrogen source in a short term experi- (10) and in contrast to those of Goulding and Merrett (9) .
The fraction of the cell related to acetate which was turning over was much greater in the dark than in the light. The major product in the light was lipid, whereas in the dark it was CO.,. If "CO2 from the oxidation of acetate-2-"C in the light was subsequently fixed by photosynthesis, then the labeling pattern of cell amino acids from acetate-"C could be expected to be similar to that from NaH"CO,. This was not so (Table III) , which indicated that the oxidation of methyl labeled acetate to 4CO, in the light was insignificant. Goulding and Merrett (9) came to the same conclusion with Chlorella pyrenoidosa. Lipid synthesis requires NADPH, which is produced by light driven noncyclic electron transport. In the dark, NADPH is not produced in this manner so that this result was predictable. In general, the amino acids labeled from acetate and lactate were similar, but the extent of labeling differed widely, especially between light and dark. For instance, the label in the basic amino acids fell considerably in the dark. ATP is more heavily involved in the biosynthesis of these amino acids than many of the others, so that the fall in labeling suggests that ATP was not available for their synthesis in the dark.
a-Ketoglutarate dehydrogenase was present in this organism in contrast to the situation in many other autotrophs (28 (19, 27) .
The process by which an organic compound enters a microorganism is often energy dependent. In Cocconeis, the uptake of acetate was not entirely dependent on photophosphorylation because there was considerable uptake in the dark. Incubation with DCMU in the light produced a dark type metabolism of acetate. As significant uptake and metabolism of acetate occurred in the presence of both DCMU and DNP, it was unlikely that its uptake was an active process, unless ATP was provided by cyclic phosphorylation. The small inhibition of assimilation produced by DCMU and DNP; therefore. is likely to be caused by a scarcity of ATP for the further metabolism of acetate, rather than for a transport mechanism. This situation is in contrast to that in the blue-green alga, Anacystis nidlulans, in which acetate assimilation is prevented completely by DCMU or darkness (10) .
The amino acid labeling pattern from acetate-2-"C, the enzyme assays, the greater production of "CO2 from acetate-I -"C than from acetate-2-"C, and the inhibition of assimilation produced by monofluoroacetate showed that the tricarboxylic acid cycle was responsible for the initial steps in the metabolism of acetate. Although 5 mM monofluoroacetate inhibited assimilation slightly in the light, a concentration of 0.5 mM stimulated it. A possible explanation is that the metabolically formed fluorocitrate activated acetyl CoA carboxylase, the enzyme catalyzing the first step in fatty acid synthesis (32) .
Recently, Smith et al. (28) suggested that obligate autotrophy depended on an absence of NADH oxidase and that the lack of this system made the possession of a complete tricarboxylic acid cvcle redundant. The subsequent loss of 5 a-ketoglutarate dehydrogenase was not detrimental to the cell. C. diminuta most likely has a complete tricarboxylic acid cycle and has an NADH-oxidase system. Several other autotrophs have NADH oxidases and in one, Anabaena variabilis (15) , it has been shown to be coupled to a low level of ATP production. It was suggested (15) that this low level of oxidative phosphorylation, while being too low to provide the requirement for growth, was enough to provide the "energy of maintenance" referred to by Dawes and Ribbons (8) . The oxidation of NADH needs to be examined more carefully before such conclusions can be drawn concerning its role in C. diminuta. However, it seems possible that an inadequate system for coupling substrate oxidation to ATP production is the reason that this organism cannot grow in the dark.
